Abstract: There is both in vitro and clinical evidence that highdose propofol can inhibit mitochondrial respiration, resulting in metabolic acidosis. The purpose of this study was to evaluate the effects of propofol anesthesia on the acid-base status in neurosurgical patients with large amount of normal saline administration. Thirty patients undergoing clipping of cerebral aneurysm were randomly assigned to receive propofol (n = 15) or isoflurane (n = 15). Propofol dose (mean ± standard error) infused for maintenance was 5.7 ± 0.2 mg/kg/h in propofol group. Acid-base parameters such as PaCO 2 , pH, serum bicarbonate concentration, standard base excess, serum electrolyte concentration, total protein, albumin, lactate, and phosphate were measured before and 4 hours after the induction of anesthesia, and after surgery. The apparent strong ion difference (SID a ), the effective SID (SID e ), and the amount of weak plasma acid were calculated using the Stewart equation. There were no significant differences in pH, PaCO 2 , bicarbonate, and lactate between 2 groups throughout the whole investigation period. After surgery, standard base excess significantly decreased in both groups without intergroup difference. SID a and SID e significantly decreased in both groups, and lactate and strong ion gap significantly increased after surgery in propofol group, but there were no significant differences between 2 groups. Both propofol and isoflurane were associated with hyperchloremic metabolic acidosis in neurosurgical patients with large amount of normal saline administration. The acidbase balance between the 2 anesthetics was similar using Stewart's physicochemical approach.
L
actated Ringer solution and normal saline (NS) solution are commonly used as intravenous fluid during perioperative period. The osmolality of NS is equal to or higher than, and that of lactated Ringer solution is lower than, the osmolality of normal serum.
As the blood-brain barrier allows the passage of water along osmotic gradients, serum osmolality is a determinant of brain water content. Therefore, NS has been recommended in neurosurgical patients because low serum osmolality may contribute to cerebral edema. [1] [2] [3] [4] However, the infusion of large volume of NS and NSbased colloid solutions produces a predictable, dosedependent metabolic acidosis that is characterized by hyperchloremia and a decreased plasma bicarbonate concentration (Bic). [5] [6] [7] Traditional approaches are often inadequate to explain the complexity of acid-base derangements. The physiochemical approach described by Stewart is based on 2 major principles: electrical neutrality and conservation of mass. 8 According to this theory, there are 3 variables that independently determine the hydrogen ion. These variables are PaCO 2 , strong ion difference (SID), and the sum of all anionic charges of weak plasma acids (A À called by Stewart) . The term SID has been used to describe the difference between the concentration of the strong cations and strong anions in the fluid compartment. In healthy human, the strong ions present in plasma are sodium (Na + ), potassium (K + ), magnesium, calcium (cations), and chloride (Cl À ) (anion). As these are all easily measured, the term ''apparent SID'' (SID a ) is used (Table 1) . To maintain the electrical neutrality within a body fluid compartment, the charge resulting from SID must balance the charge of A À (mainly due to albumin and phosphate) and also the charge derived from the acid-base respiratory component (PCO 2 ) , that is, the anionic charges of Bic (HCO 3 À ) and CO 3 2 À . For practical purposes, as charges from CO 3 2 À are minimal and not considered, SID À Bic À A À must be equal to 0. This version of the SID is termed ''effective SID'' (SID e ). This complicated formula (Table 1) quantitatively accounts for the contribution of A À to the electrical charge equilibrium in plasma. SID e expresses the value of SID when it includes only the plasmatic buffers not included in the SID a formula. The strong ion gap (SIG) is the difference between SID a and SID e and indicates the presence of unmeasured anions (if its value is positive) like sulfate, keto-acids, citrate, pyruvate, acetate, and gluconate. The SIG is similar in concept to the anion gap (AG) and the ''normal'' value is zero. Metabolic acid-base disturbances based on Stewart approach can be caused by the abnormal SID and abnormal A À . The reduction of SID caused by water excess, hyperchloremia, and unmeasurable anion (SIG) excess can develop metabolic acidosis.
AG is used clinically to diagnose the cause of acidbase imbalance. However, inappropriate interpretation may arise when 2 conflicting types of acidosis, such as lactatemia and hyperchloremia, coexist. Also, the AG is strongly influenced by the concentration of plasma proteins and does not account for variations in arterial carbon dioxide tension (PaCO 2 ). Stewart's approach allows an understanding of the commonly seen metabolic acidosis after the administration of large volumes of NS. The concentration of chloride in plasma increases to a greater extent than that of sodium when NS is given because NS (unlike plasma) contains sodium and chloride in equal amounts. This leads to a reduction in the value of plasma SID and a consequent decrease in pH.
Propofol should remain first choice in neurosurgical patients with reduced intracranial elastance caused by space occupying lesions, elevated intracranial pressure, or complex surgical approaches. 9 However, there is both in vitro and clinical evidence that high-dose propofol can inhibit mitochondrial respiration, which could cause metabolic acidosis. 10, 11 As no report has been issued regarding the effects of propofol on acid-base balance in patients with metabolic acidosis during the large volume of NS administration, this study was designed to evaluate the effects of propofol anesthesia on the acid-base status in neurosurgical patients with large amount of NS administration.
METHODS
After procedure approval of the institutional review board, 30 adult patients undergoing clipping of cerebral aneurysm gave informed consent and were studied prospectively. Patients with coagulopathy, anemia, chronic renal failure, respiratory insufficiency, diabetes mellitus, or preexisting metabolic acidosis were excepted. Patients were randomized to receive inhalation anesthesia with isoflurane (n = 15) or intravenous anesthesia with propofol (n = 15) by sealed, numbered envelopes.
All patients were premedicated with glycopyrrolate 0.2 mg intramusculary in the ward. In the operating room, an arterial catheter was placed on the radial artery under local anesthesia before induction of anesthesia. During anesthesia, routine monitoring consisted of continuous electrocardiogram, pulse oximetry, and invasive blood pressure (BP). After induction of the anesthesia, end-tidal CO 2 , esophageal temperature, and right jugular venous pressure were monitored. Two anesthetic procedures were used. In propofol group, propofol 2 mg/kg and alfentanil 15 to 20 mg/kg were used to induce anesthesia. Propofol was infused continuously at initial rate of 10 mg/kg/h and reduced to 6 mg/kg/h after 10 minutes. Propofol dose was decreased by 1 mg/kg/h when the BP fell below 20% of the baseline value measured before the induction and increased by 1 mg/kg/h when the BP was above 20% of the baseline value. Phenylephrine 100 mg was given as bolus if the BP did not recover within 1 minute. Propofol dose (mean ± standard error) infused for maintenance was 5.7 ± 0.2 mg/ kg/h. The patients were ventilated with N 2 O/O 2 (FiO 2 = 0.5). In isoflurane group, anesthesia was induced using thiopental sodium 5 mg/kg and alfentanil 15 to 20 mg/kg. Anesthesia was maintained with an end-tidal isoflurane concentration of 0.6 to 1 vol% in N 2 O/O 2 (FiO 2 = 0.5). Both groups received 0.6 mg/kg rocuronium before intubation. The lungs were ventilated with tidal volumes of 7 to 10 mg/kg, a respiratory rate of 8 to 12 breaths/min, positive end-expiratory pressure = 0, to maintain an end-tidal carbon dioxide concentration (EtCO 2 ) of 30 to 35mm Hg. In addition to the samples needed to calculate acidbase balance, an arterial blood sample was taken 30 minutes after induction to compare PaCO 2 and EtCO 2 . Whenever their difference was greater than 5, EtCO 2 was recalibrated.
An esophageal temperature probe was inserted, and the temperature was kept between 361C and 371C using warm mattress and air blankets during the surgical procedure. NS and 6% hydroxyethyl starch in NS solution (Voluven, Fresenius Kabi, Bad Homberg, Germany) were administered according to following protocol. NS was infused at a constant rate of approximately 6 mL/kg/h. The triggers for infusion of 6% hydroxyethyl starch in NS solution were a systolic BP of <90 mm Hg and/or decrease of >20% from baseline, a heart rate of >100 bpm and/or an increase of >30% form baseline, and/or urine output of <0.4 mL/kg/h. The maximum dose of 6% hydroxyethyl starch in NS solution was 50 mL/kg. Packed red blood cells were transfused when hemoglobin fell below 8 g/dL.
The arterial samples were taken before, 4 hours after the induction of anesthesia (T0 and T1, respectively) and after suturing of scalp (T2) and the time lag between T1 and T2 was recorded. The samples were analyzed for pH, PaCO 2 (standard electrodes), the concentrations of Na + and K + (ion-selective electrodes), and serum lactate 
RESULTS
Patient characteristics are presented in Table 2 . There were no significant differences in age, weight, sex, and preoperative mental status. As shown in Table 3 , there were no significant differences in the time lag between T1 and T2, total volume of crystalloid and colloid infusion, fluid infusion rate, and urine production. And there were no significant differences between the groups with respect to estimated blood loss and blood transfusion. As shown in Table 4 , there were no significant differences between the groups in hemodynamic data throughout the whole investigation period. Within the group, mean arterial BP significantly decreased from T0 to T1, and increased from T1 to T2 in both groups and heart rate significantly increased from T0 to T1 in isoflurane group. After surgery, SBE significantly decreased in both groups without intergroup difference and the mean difference ± SD in SBE from preoperative value was 4.3 ± 3.8 mEq/L in propofol group (P<0.001) and 3.2 ± 1.7 mEq/L in isoflurane group (P = 0.001). In Figure 1 , pH, PaCO 2 , Bic, Lac À , Na + , and Cl À as well as SID a and A À are shown at the 3 measuring points described previously. There were no significant differences in pH, PaCO 2 , Bic, and Lac À between 2 groups throughout the whole investigation period. pH significantly increased in isoflurane group from baseline values (T0) to T1, and significantly decreased in both groups from T0 to T2. PaCO 2 significantly decreased from T0 to T1, and increased from T1 to T2 in both groups. Bic significantly decreased Baseline SID a values (T0) were about 37 mEq/L in both groups, which is the lower limit of normal range. There was no significant difference in SID a between propofol and isoflurane group throughout the whole investigation period. In both group, SID a decreased by about 5 mEq/L from baseline values (T0), and mean values of SID a decreased below 33 mEq/L in both groups after surgery. A À decreased significantly in both groups at T1 and T2 owing to dilution with crystalloids, colloids, and surgical bleeding. SIG slightly but significantly increased from a baseline mean value of about 0 mEq/L to a mean value of 2.5 mEq/L at T2 in propofol group. There was no significant difference between 2 groups (Table 5 ). There was no significant difference in AG within each group and also between the 2 groups (Table 5) .
DISCUSSION
This study demonstrated that the effect of propofol anesthesia on acid-base changes was similar to that of isoflurane anesthesia and the infusion of large volume of NS and NS-based colloid produced metabolic acidosis with hyperchloremia.
Stewart's physicochemical approach may give a better understanding of the mechanisms for the development of hyperchloremic acidosis and a rational treatment for this condition. Application of this approach has become common in the last decade. 6, [12] [13] [14] Using it, several clinical studies tried to elucidate the mechanism behind the observed changes in pH arising from intraoperative infusion of crystalloids, 5,14 colloids, 7, 15 and electrolytefree water. 16 Traditional methods cannot accurately quantitate the impact of hypoalbuminemia, which is ubiquitous during large amount of fluid administration during surgery. Hypoalbuminemia was also observed in this study. In both groups, albumin decreased by about 11 g/L from baseline values (T0), and mean values of albumin decreased below 29.4 g/L in both groups after surgery (data not shown). Therefore, this study applied Stewart's approach to demonstrate the effect of propofol anesthesia on acid-base imbalance in patients who were expected to develop hyperchloremic metabolic acidosis.
Previous studies reported that there is both in vitro and clinical evidence that high dose of propofol can inhibit mitochondrial respiration, which could cause metabolic acidosis. 10, 11 Schenkman and Yan 10 demonstrated that propofol impaired either oxygen utilization or inhibited electron flow along mitochondrial electron transport chain in the isolated guinea pig cardiomyocyte perfused with 50, 100, and 200 mM propofol in vitro. They reported that these effects were linearly correlated with propofol concentration in the range studied. In addition, Wolf et al 11 reported that in a child with propofol infusion syndrome (PRIS), biochemical analysis showed a large rise in plasma concentration of malonylcarnitine and C5-acylcarnitine, which abnormalities were consistent with specific disruption of fatty acid oxidation caused by impaired entry of long-chain acylcarnitine esters into the mitochondria and failure of the mitochondrial respiratory chain at complex. The child in above study received a propofol infusion at an average of 5.2 mg/kg/h over 72 hours. Basically, from inhibition of oxidative energy metabolism one can expect cell damage and metabolic acidosis, the latter due to enhanced glycolysis. A previous study has been proposed that, in the isolated perfused liver of fed rats, propofol increased glycogenolysis (glucose release), glycolysis (lactate and pyruvate production), and oxygen uptake in the range between 10 and 500 mM. 17 However, these actions occur at concentrations that were relatively high when compared with those reached during anesthesia. Cremer et al 18 reported that when adult patients were given 5 to 6 mg/kg/h propofol, 17% developed the PRIS consisting of metabolic acidosis, myocardial failure, renal failure, rhabdomyolysis, hyperkalemia, hepatomegaly, and lipemia syndrome. Kang 19 reported the occurrence of PRIS when using high-dose (>5 mg/kg/h) and long-term (>48 h) propofol infusion in sedating critically ill adults. In this study, patients in propofol group did not develop PRIS probably because although mean infusion dose of propofol exceeded 5 mg/kg/h, 5.7 ± 0.23 mg/kg/h to be exact, the mean duration of the infusion was only 7.2 ± 0.9 hours. The maintenance dose in this study corresponds to target concentration of about 3 mg/mL, which was retrospectively calculated using manual slide rule for target-controlled infusion of propofol. 20 Several studies suggested that propofol had no effect in patients with metabolic acidosis. Martin et al 21 demonstrated that in small group of children without respiratory disease, sedation with propofol caused no significant metabolic or biochemical changes. There were no significant changes in blood lactate concentrations, indicating adequate tissue oxygenation. These findings were supported by those of a similar study in 10 critically ill adults receiving propofol infusions (2 to 4 mg/kg/h), 22 in which there were no significant changes in global oxygen transport and delivery, lactate concentration, and cardiac output. Ozlu et al 23 reported that in healthy children, short-term use of propofol did not result in significant acidemia. In this study, significant increases in Lac À at the end of surgery were observed in both groups. Furthermore, Lac À of 3 patients in isoflurane group and 7 patients in propofol group increased more than 3.5 mEq/L but differences were statistically insignificant. Therefore, there was no significant difference in Lac À between propofol and isoflurane group. In this study, a significant intergroup difference was not observed in unmeasured, unidentified cations or anions, as assessed by calculating the SIG. 13, 24 The choice of intravenous fluid in this study, which was NS, also leads to acidosis. This may have affected the result of this study, because the goal of this study was to determine whether propofol anesthesia predispose to acidosis. However, beside the risk of cerebral edema owing to the difference in the osmolality explained earlier, other crystalloid solution, such as lactated Ringer solution or plasmalyte 148, also could affect the results of study by the elevation of Lac À or SIG. The lactate electrode incorporated in the blood gas analyzer used in this study measures L (+) lactate, which is the form that naturally occurs in blood. On the other hand, the lactated Ringer solution (28 mEq/L lactate) is racemic, with L (+) lactate being dominant fraction. Scheingraber et al 5 demonstrated that there was significant increase in Lac À during the infusion of lactated Ringer solution, unlike during the infusion of NS. With plasmalyte 148, the metabolic acidosis during cardiopulmonary bypass was induced by an increase in SIG, probably because of fluidcontaining acetate and gluconate. 25 NS was chosen despite its risk of inducing acidosis for these reasons. Using Stewart's approach to acid-base balance has some limitations. A major criticism is a possible inaccuracy of determinations of serum electrolyte concentrations. Such inaccuracy means that the calculation of the SID a can be erroneous. 26, 27 If mean values of larger sample number and the same measurement techniques for electrolyte determinations are always used, these limitations should be insignificant or even irrelevant. However, as this study has the small number of patients and the large standard deviations in laboratory data, the statistical accuracy may have been affected. For example, there was no significant difference between the groups even though Lac À at the end of surgery (T2) in the propofol group was greater by about 0.6 mEq/L than that in the isoflurane group. The result may have been significant if this study included more patients to increase the power of the study. Lastly, if the plasma concentration of malonylcarnitine and C5-acylcarnitine were measured, it would have suggested impairment of fatty acid oxidation, which may have provided another measure of the metabolic effects of propofol.
In conclusion, propofol and isoflurane anesthesia were associated with hyperchloremic metabolic acidosis in neurosurgical patients with large amount of NS and NS-based colloid administration. The change in acid-base balance between the 2 anesthetics was similar using Stewart's physicochemical approach.
